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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-232 

EXPERIMENTAI; DETERMINATION 

OF THE EFFECTS OF FREQUENCY AND AMPLITUDE OF 0SCIL;LATION 

ON THE ROLL-STABILITY DERIVATIVES FOR A 

60° DELTA-WING AIRPLANE MODEL* 

By Lewis  R. Fisher 

A 60' delta-wing airplane model was o s c i l l a t e d  i n  roll for severa l  
fr.eyueiicizs zxd z~gdit.1-1.d~~ of osc i l la t ion  t o  determine t h e  e f f e c t s  of 
the  o s c i l l a t o r y  motion on t h e  r o l l - s t a b i l i t y  der iva t ives  for the model. 
'I'ne der ivat ives  were measured at a Reynolds number of 1,600,000 f o r  t h e  
wing alone, t h e  wing-fuselage combination, and t h e  complete model which 
included a triangular-plan-form v e r t i c a l  t a i l .  

-. 
M 

Both r o l l i n g  and yawing moments due t o  r o l l i n g  ve loc i ty  exhibited 
large Trequency e f f e c t s  f o r  angles of a t tack higher than 16O. 
variations i n  these der ivat ives  weye measired for t h e  lowest frequencies 
of  osc i l la t ion ;  as the  frequency increased, t h e  der ivat lves  becaTe more 
nearly l i n e a r  with angle of a t tack .  Both ve loc i ty  der ivat ives  were con- 
s iderably d i f f e r e n t  at high angles of a t tack from t h e  corresponding 
der iva t ives  measured by t h e  steady-state roll ing-flow technique. 

The l a r g e s t  

Rolling and yawing moments due t o  r o l l i n g  accelerat ion were measured 
and s imi la r ly  found t o  be highly dependent on frequency a t  high angles of 
a t tack.  
reveal  t h e  s ignif icance of t h e  acceleration der ivat ives ,  indicated that 
inclusion of t h e  measured der ivat ives  i n  t h e  equations of motion length- 
ened the  period of t h e  l a t e r a l  osc i l la t ion  by 10 percent f o r  a t y p i c a l  
delta-wing a i rp lane  and increased t h e  t i m e  t o  damp t o  one-half amplitude 
by 50 percent.  

Some period and time-to-damp computations, which were made t o  

r )  * 
Supersedes recent ly  declassif ied NACA Research Memorandum L57L17 

by Lewis R .  Fisher,  1958. 
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INTRODUCTION \ 

The r e s u l t s  of several  experimental invest igat ions (refs. 1 t o  3 )  
have demonstrated t h a t  large-magnitude l a t e r a l - s t a b i l i t y  der ivat ives  may 
ex is t  under o s c i l l a t o r y  conditions f o r  de l ta -  and sweptback-plan-form 
wings and t h a t  a t  high angles of a t tack  these  o s c i l l a t o r y  der iva t ives  
may be much d i f f e r e n t  from those measured under steady-flow conditions. 
The s t a b i l i t y  der iva t ives  which have been measured by o s c i l l a t i o n  t e s t s  
are those which determine t h e  d i r e c t i o n a l  s t a b i l i t y ,  
and those which determine the  damping i n  yaw, Cn and Cn* . These 

derivatives have been measured individual ly  by o s c i l l a t i n g  t h e  models 
with a s idesl ipping motion ( r e f .  1) or  a yawing motion ( ref .  2) , and i n  
combination by o s c i l l a t i n g  t h e  models i n  yaw about t h e i r  v e r t i c a l  axes 
( ref .  3 ) .  

and C c"P,m n;. ,m' 

r,m P,m 

Because t h e  s idesl ipping and yawing der ivat ives  of c e r t a i n  configu- 
ra t ions a re  affected t o  a l a r g e  degree by the  frequency and amplitude of 
an osc i l la tory  motion, it would seem l i k e l y  that the  phenomena which 
produce these r e s u l t s  would a f f e c t  the r o l l - s t a b i l i t y  der ivat ives  i n  a 
l i k e  manner. A preliminary invest igat ion i n  t h i s  asea i s  reported i n  
reference 4, f o r  which an unswept-wing a i rp lane  model w a s  o s c i l l a t e d  i n  
roll primarily at zero angle of a t tack .  
a t tack  data  i n  reference 4 gave an indicat ion t h a t  differences do e x i s t  
between the  o s c i l l a t o r y  and t h e  s teady-state  r o l l i n g  der ivat ives .  

Certain of t h e  higher angle-of- 

I n  the  present invest igat ion,  an a i rp lane  model with a 60° d e l t a  
wing was o s c i l l a t e d  i n  roll about i t s  longi tudinal  s t a b i l i t y  ax is  f o r  
several  frequencies and amplitudes of o s c i l l a t i o n  i n  order t o  measure 
t h e  e f fec ts  of o s c i l l a t o r y  motion on the r o l l - s t a b i l i t y  der ivat ives  
of the  model. 
steady r o l l i n g  flow, t h e  r e s u l t i n g  d a t a  being regarded as zero frequency 
d a t a ,  The tests were made f o r  t h e  complete model, f o r  t h e  wing-fuselage 
combination, and f o r  the  w i n g  alone at a Reynolds number of 1,600,000. 

For a b a s i s  of comparison, t h e  model w a s  a l s o  t e s t e d  i n  

SYMBOLS 

The d a t a  are re fer red  t o  t h e  s t a b i l i t y  system of axes ( f i g .  1) and 
are presented i n  t h e  form of coef f ic ien ts  of t h e  forces  and moments 
about a point  which i s  t h e  project ion of the  quarter-chord loca t ion  of 
t h e  wing m e a  aerodynamic chord on t h e  plane of symmetry. The coef f i -  
c i e n t s  and symbols used herein a r e  defined as follows: 
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b 

CD 

CL 

C l  

wing span, ft 

Drag 
qs 

drag coefficient, - 

Lift lift coefficient, - 
qs 

Rolling moment rolling-moment coefficient, 
qSb 

ac i Clr = - 
a(%) 

C2,S rolling-moment coefficient, 
qSb 

Y l S  

qsc pit ching-moment coefficient , - Cm 

Cn 
Yawing moment yawing-moment coefficient, 

qsb 



4 

Cn, w yawing-moment coefficient, 

CY lateral-force coefficient, 

h 

KX 

KZ 

Kxz 

Lateral force L 
8 
2 
2 '  

'i 

,- 

mean aerodynamic chord, ft 

maximum diameter of fuselage, ft 

lateral force, lb 

frequency, cps 

altitude, ft 

radius of gyration about X-axis, nondimensionalized with 
respect to b (ref. 'j) 

radius of gyration about Z-axis, nondimensionalized with 
respect to b (ref. 5) 

nondimensional product-of-inertia factor (ref. 5) 
. 
c 
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radius of gyration about X-axis, ft (ref. 5) 

radius of gyration about Z-axis, ft (ref. 5) 

product-of-inertia factor (ref. 5 )  

rolling moment, ft-lb 

rolling moment in phase with velocity of oscillation, ft-lb 

rolling moment out of phase with velocity of oscillation, 

pitching moment, ft-lb 

yawing moment, ft-lb . 

yawing moment in phase with velocity of oscillation, ft-lb 

yawing moment out of phase with velocity cf oscillation, 

mass of airplane, slugs 

period of oscillation, sec 

ft-lb 

ft-lb 

dynamic pressure, pV2, lb/sq ft 2 

yawing velocity, dJc radians/sec 

wing area, sq ft 

time for oscillatory motion to damp to half-amplitude, sec 

time, sec 

dt ’ 
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v 
V 

x,y,z 

f r e e  - stream vel0 c i  t y  , f t  / se c 

l a t e r a l  component of velocity,  f t / s e c  

system of s t a b i l i t y  axes ( f i g .  1) 

U angle of a t tack ,  deg 

B angle of s ides l ip ,  radians except when otherwise indicated 

7 angle of f l i g h t  path, deg ( r e f .  5 )  

angle of a t t a c k  of pr inc ipa l  longi tudinal  a x i s  of i n e r t i a ,  
deg ( r e f .  5 )  

P r e l a t i v e  densi ty  fac tor ,  m/pSb 

P mass densi ty  of a i r ,  slugs/cu f t  

PI angle of r o l l ,  deg or  radians 

PI0 amplitude of o s c i l l a t i o n ,  deg or radians 

$ angle of yaw, radians 

L 
8 
2 
2 

w = 2fif 

The symbol CI) following t h e  subscr ipt  of a der iva t ive  denotes t h e  
i s  t h e  o s c i l l a t o r y  value 

c2P,CI) 
osc i l la tory  derivative; f o r  example, 

2P '  
of c 

APPARATUS 

Osci l la t ion  Equipment 

The tests were conducted i n  the  6-foot-diameter roll ing-flow t e s t  
sect ion of the  Langley s t a b i l i t y  tunnel. 
i n  figure 2 and mounted external ly  on t h e  tunnel  t e s t  sect ion w a s  used 
t o  o s c i l l a t e  t h e  models. A connecting rod pinned t o  an eccent r ic  center  
on t h e  flywheel passed through a hole i n  the  tunnel  w a l l  and t ransmit ted 
a31 essent ia l ly  sinusoidal motion t o  t h e  model support s t i n g  by means of 
a crank asm attached t o  t h e  s t ing .  This equipment i s  shown i n  f igures  2 
and 3. The r o l l  ax is  of t h e  s t i n g  w a s  a l ined  at a l l  t i m e s  with t h e  wind 
stream. 

A motor-driven flywheel shown 
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The apparatus w a s  driven by a 1-horsepower d i rec t -cur ren t  motor 
through a geared speed reducer. 
by control l ing the  voltage supplied t o  t he  motor and t h e  amplitude of 
o s c i l l a t i o n  w a s  var ied by adjust ing the throw of t h e  eccent r ic  on t h e  
flywheel . 

The frequency of o s c i l l a t i o n  w a s  var ied 

Model 

The model t e s t e d  had a t r iangular  wing with a 60' apex angle, an 
aspect r a t i o  of 2.31, and NACA 65AO03 sect ions p a r a l l e l  t o  t he  plane of 
symmetry. The fuselage w a s  a body of revolut ion which had a sharp nose 
and a t runcated afterbody with t h e  wing mounted at the  midfuselage height.  
The fuselage contained a two-component w i r e  strain-gage balance t o  which 
t h e  model w a s  mounted a t  the  quarter-chord point  of t he  wing mean aero- 
dynamic chord. The model w a s  a l s o  equipped with t h e  tr iangular-plan- 
form v e r t i c a l  t a i l  shown i n  f igures  4 and 5.  The e n t i r e  model w a s  con- 
s t ruc t ed  of  ba l sa  wood t o  minimize i n e r t i a  moments during o s c i l l a t i o n  
and w a s  covered with a t h i n  layer  of f iberglass-reinforced p l a s t i c  t o  
provide s t rength.  Additional geometric cha rac t e r i s t i c s  of t h e  model are 
presented i n  table I.  

Recording o f  Data 

The model w a s  mounted t o  t h e  support s t i n g  by means of a res i s tance-  
type wire strain-gage balance which measured r o l l i n g  and yawing moments. 
The strain-gage s ignals ,  during osc i l l a t ion ,  were modified by a s ine-  
cosine reso lver  driven by t h e  osc i l l a t ing  mechanisru 50 t1ia.t the  m a s w e d  
s igna ls  of t he  s t r a i n  gages were proportional t o  t h e  in-phase and out- 
of-phase components of t h e  strain-gage moments. These s ignals  were read 
v i sua l ly  on a highly damped direct-current galvanometer and the  aerodynamic 
coe f f i c i en t s  were obtained by multiplying the  m e t e r  readings by t h e  appro- 
p r i a t e  constants,  one of which was the system ca l ib ra t ion  constant. This 
da ta  recording system i s  described in  d e t a i l  i n  reference 2. 

Steady Rolling-Flow Equipment 

I n  order t o  measure t h e  steady ro l l i ng  der ivat ives ,  t h e  model w a s  
supported by t h e  same strain-gage balance and support s t i n g  as were used 
f o r  t h e  o s c i l l a t i o n  tests with t h e  angle of roll fixed at zero. The air 
flow over t h e  model, however, w a s  forced t o  r o l l  by a r o t o r  placed i n  
t h e  airstream ahead of t h e  model. This i s  t h e  standard roll ing-flow 
t e s t  procedure employed i n  t h e  Langley s t a b i l i t y  tunnel  and i s  described 
i n  reference 6. For these t e s t s ,  the reso lver  i n  t h e  data recording 
equipment w a s  bypassed and t h e  t o t a l  strain-gage output s igna ls  were 
read d i r e c t l y  from the  galvanometer. 
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TESTS 

Both the o s c i l l a t i o n  and the roll ing-flow t e s t s  were made a t  a 
dynamic pressure of 24.9 pounds per square foot  which corresponds t o  a 
free-stream veloci ty  of 145 f e e t  per second (under standard condi t ions) ,  
a Reynolds number of approximately 1,600,000 based on the wing mean 
aerodynamic chord, and a Mach number of 0.13. 

The o s c i l l a t i o n  t e s t s  were made a t  frequencies of o s c i l l a t i o n  of 
0 .5 ,  1, 2,  and 4 cycles per second, amplitudes of o s c i l l a t i o n  of * 5 O ,  +loo, 
and +2O0, and angles of a t t a c k  from Oo t o  320. 
correspond t o  a range of the reduced-frequency parameter from k = 0.033 t o  2 
k = 0.264. For c e r t a i n  combinations of the highest  frequencies and ampli- 

L 
8 

2 

The o s c i l l a t i o n  frequencies 

tudes, the yawing moments due t o  the i n e r t i a  of the model exceeded the  
maximum design moment of the strain-gage balance and, f o r  t h i s  reason, 
tests for  these conditions were not  run. For a l l  conditions of frequency, 
amplitude, and angle of a t tack  both a wind-off and a wind-on run w e r e  made. 

I n  order t o  e s t a b l i s h  the magnitude of the damping of the wing due t o  
i t s  rotat ion i n  s t i l l  a i r ,  some t e s t s  were made i n  which the wing w a s  
enclosed i n  a plywood box. The box, which w a s  mounted t o  the s t i n g  below 
the model support, was forced t o  r o t a t e  with the s t i n g  so t h a t  the volume 
of a i r  immediately surrounding the wing w a s  forced t o  o s c i l l a t e  with it. 
The s t i l l -a i r  moments measured i n  t h i s  manner were found t o  be negl igible  4. 

and were not  considered f u r t h e r .  

1 

The steady rolling-flow tests were conducted f o r  the same model con- 
f igurat ion and angles of a t tack  as f o r  the o s c i l l a t i o n  tests.  The ro ta ry  
h e l i x  angles of the air  flow by the model during these t e s t s  corresponded 
t o  values of pb/2V of 0.059, 0.033, 0.010, -0.021, -0.039, and -0.065. 

mDUCTION OF DATA 

Subtracting the wind-off data from the wind-on data i n  order t o  
eliminate the e f f e c t s  of model i n e r t i a  on the der ivat ives  and then m u l t i -  
plying the r e s u l t s  by the strain-gage balance c a l i b r a t i o n  f a c t o r s  gives 
the in-phase moments Mxs, and MZs i n  foot-pounds and the out-of - 

1 
phase moments Mxs2 and &IZs i n  foot-pounds. These moments were then 

reduced t o  coeff ic ient  der ivat ive form by means of the following equations: 
2 



9 

J 

3 
3 

7 

where the reduced-frequency parameter cub/2V i s  represented by k. 

The steady r o l l i n g  der ivat ives  were determined by p l o t t i n g  the moments 
as functions of pb/2V and measuring the slopes of these curves. 

PRESENTATION OF RESULTS 

The s t a t i c  lift, drag, and pitching-moment coef f ic ien ts  f o r  the wing, 
f o r  the wing fuselage,  and f o r  the complete model are shown f o r  reference 
i n  f igure  6. I n  f igure  7, the damping i n  roll C measured during 

zP,m 
o s c i i i a t i v n  iri r o l l  i s  shnwn fo r  the three configurations t e s t e d  as a 
f .mction of the  nominal angle of a t t a c k  for four  values ot’ reduced freqiisr;zy 
and three amplitudes of o s c i l l a t i o n .  The corresponding steaQ roll ing-flow 
values of C are a l so  presented i n  f igure  7. Figure 8 i s  a similar f i g -  

IP 

c”p* 
derivat ive 

Figures 9 and 10 
r o l l i n g  accelerat ion 

I n  the a t i o n  C 

t i v e s  a r e ,  of course, 
%a* 

ure f o r  the presentat ion of the osc i l la tory  values of the yawing moment 
due t o  r o l l i n g  veloci ty  C together with the  steady roll ing-flow 

%,a 

present,  respectively,  the r o l l i n g  moment due t o  
and the yawing moment due t o  r o l l i n g  acceler-  czr; ,a 

steady rolling-flow case, the  accelerat ion der iva-  

zero. 

The o s c i l l a t o r y  r o l l i n g  derivatives a r e  cross-plot ted d i r e c t l y  as 
functions of reduced frequency i n  f i g u r e s  11 t o  14 f o r  th ree  of the higher 
angles of a t tack .  I n  these f igures ,  the corresponding steady roll ing-flow 
derivat ives  a r e  shown as zero frequency values. 

DISCUSSION 

The Damping i n  R o l l  

The o s c i l l a t o r y  damping i n  roll of the wing alone ( f i g .  7 (a) )  is  
shown t o  be la rge ly  dependent upon t h e  frequency of o s c i l l a t i o n  f o r  
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angles of a t t a c k  higher than 160. The values of C which become 
$P ,m 

most posi t ive a r e  those measured f o r  the lowest frequency of o s c i l l a t i o n .  
With higher frequencies, the curves become more near ly  l i n e a r  with angle 
of attack. The der ivat ive remains negative f o r  a l l  angles of a t tack  f o r  
only the two highest  frequencies, but even f o r  these frequencies a con- 
siderable reduction i n  the damping (where pos i t ive  damping i s  indicated 
by negative values of C 

angle of a t tack .  
produced generally small e f f e c t s  on the damping-in-roll r e s u l t s .  
a l s o  f i g .  l l ( a ) . )  

L 

) takes place between the two extremes i n  
2P,(JJ 

A change i n  the  amplitude of o s c i l l a t i o n  from 50 t o  200 

I (See 

A notable difference e x i s t s  between the o s c i l l a t o r y  and the steady- L 

L 
r 

s t a t e  damping a t  high angles of a t tack .  The steady-flow r e s u l t s  indicate  
an increase i n  the damping as the angle of a t tack  becomes la rge  i n  con- 
t r a s t w i t h  the trends taken by the o s c i l l a t i o n  data. Similar differences 
between o s c i l l a t o r y  and s teady-state  values of damping i n  yaw f o r  a s i m i -  
lar  wing were observed i n  the invest igat ion of reference 2. 

The addition of the fuselage ( f i g s .  7 (b)  and l l ( b ) )  and of the fuse- 
lage and t a i l  ( f i g s .  7 ( c )  and ll(c)) served t o  modify the large pos i t ive  
values of C 

angles of a t tack .  
configurations are i n  the same di rec t ion  as f o r  the  wing alone but a r e  
not as large.  Certain e f f e c t s  of amplitude of o s c i l l a t i o n  appeared f o r  
the wing-fuselage and the complete model configurations i n  t h a t  the values 
of the damping der ivat ive measured f o r  the lowest frequencies become more 
negative and the var ia t ions  generally become more near ly  l i n e a r  with angle 
of attack as the amplitude becomes l a r g e r .  

which were measured f o r  the wing alone a t  the highest  
2P,0 1 

The e f f e c t s  of frequency on the damping f o r  these 

The Yawing Moment Due t o  Rolling Velocity 

and C a t  the  low angles of a t t a c k  
cnP, fJ nP 

The i n i t i a l  slopes of 

f o r  the wing ( f i g .  8 ( a ) )  and f o r  the wing-fuselage configuration 
( f i g .  8 ( b ) )  are small and pos i t ive .  
the variations of the der ivat ives  have trends i n  the negative d i rec t ion  
i n  contrast  with the steady-flow derivat ives  which become increasingly 
posi t ive a t  the highest  angles of a t tack .  The most negative values of 
C were measured f o r  the lowest o s c i l l a t i o n  frequencies; as the 

frequency increased, the values became more pos i t ive  and the  curves more 
near ly  l inear  with angle of a t tack .  No p a r t i c u l a r  e f f e c t  of o s c i l l a t i o n  
amplitade w a s  evident f o r  the wing-alone der ivat ives  ( f i g .  1 2 ( a ) ) ;  f o r  
the wing-fuselage combination, the higher amplitudes appear t o  make the  
lowest frequency data become more near ly  pos i t ive  and more l i n e a r  with 
angle of a t tack  ( f i g s .  8(b)  and 1 2 ( b ) ) .  

A t  angles of a t t a c k  higher than 16O, 

“p ,a 

r 
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The addi t ion of the v e r t i c a l  t a i l  ( f i g .  8 ( c ) )  r e s u l t e d  i n  a sub- 
and C with angle of a t tack  a t  the  

c"P,CU nP 
s t a n t i a l  negative slope of 

low angles.  The var ia t ion  of C diverged i n  the pos i t ive  d i r e c t i o n  

beginning a t  about a = 20' whereas those of C remained r e l a t i v e l y  

l i n e a r .  
angle of a t t a c k  includes a substant ia l  amount of scatter because of t h e  
high degree of model buffeting which was present  f o r  t h i s  condition. The 
buffet ing of the  model w a s  probably due t o  a combination of wing s ta l l  
(see f i g .  6 )  and an unsteady wake from the model support s t i n g .  

np 
nP,W 

The yawing-moment data f o r  the complete model a t  the highest  

The Roiling Mament Dce t o  Rolling Acceleration 

A r o l l i n g  moment which w a s  out of phase with the r o l l i n g  ve loc i ty  
was measured during the o s c i l l a t i o n  t e s t s  and w a s  designated C . I n  

%(u 

general ,  t h i s  der ivat ive has a small pos i t ive  value up t o  an angle of 
a t tack  of about 16O ( f ig .  9); thereaf ter ,  the  der ivat ive becomes more 
pos i t ive  f o r  the higher angles of attack p a r t i c u l a r l y  f o r  the lowest 
frequencies of o s c i l l a t i o n .  An increase I n  fi-equczcy of s s c i l l a t i o n  
decreases the magnitude of C throughoiut the angle -of -attack range , 
the l a r g e s t  frequency e f f e c t s  taking place i n  the high angle range. The 
var ia t ion  of C 

,w 
f igure  13 indicates  t h a t  an increase i n  amplitude had an e f f e c t  on t h e  
der ivat ive only a t  the lowest frequencies of o s c i l l a t i o n .  

2 ? L w  

with frequency shown f o r  three angles of a t tack  i n  

The Yawing Moment Due t o  Rolling Acceleration 

The der ivat ive C remained general ly  small f o r  the wing alone 
%,a 

( f i g .  l O ( a ) )  and the wing-fuselage ( f i g .  1 0 ( b ) )  a t  low angles of a t t a c k .  
A t  angles higher than about a = 16O, the  der ivat ive became increasingly 
negative with angle of a t tack  f o r  the low frequency of o s c i l l a t i o n .  A t  
the higher frequencies f o r  t h i s  angle-of-attack range, the e f f e c t s  of 
angle of a t tack  were much smaller t h a n  those f o r  the lowest frequency. The 
addi t ion of the v e r t i c a l  t a i l  resu l t s  i n  magnitudes of Cn+,, which are 

r e l a t i v e l y  la rge ,  p a r t i c u l a r l y  f o r  the highest  frequency of o s c i l l a t i o n .  
(See f i g .  lO(c) .) These large-magnitude der ivat ives ,  which are p o s i t i v e  
a t  l o w  angles of a t tack ,  a r e  modified considerably &ad tend toward 
becoming negative a t  high angles of a t tack .  The var ia t ions  of C 

with frequency, shown i n  f igure 14, ind ica te  t h a t  i n  the high angle 
range the measured values of the derivative f o r  a l l  configurations 
became increasingly negative as the frequency was reduced. 
with the v e r t i c a l  tail,  however, the dpposite t rend w a s  shown a t  low 

%,a 

For the  model 



12 

angles of a t tack .  
resul ted i n  somewhat more pos i t ive  values of the der ivat ive.  

Increasing the amplitude of o s c i l l a t i o n  a l s o  general ly  

Significance of the 5 Derivatives 

The existence of r o l l i n g  and yawing moments due t o  r o l l i n g  accelera-  
t i o n  having been establ ished i n  the preceding results, it i s  now of immedi- 
ate i n t e r e s t  t o  question the s ignif icance of these der ivat ives .  A s t e p  i n  
t h i s  direct ion w a s  taken i n  t h i s  invest igat ion by computing the period and 
damping of the  lateral. o s c i l l a t i o n  f o r  a t y p i c a l  delta-wing a i rp lane .  The 
same airplane,  whose aerodynamic, dimensional, and mass c h a r a c t e r i s t i c s  
are given i n  table 11, w a s  the subject  of some similar period and damping 
computations car r ied  out f o r  the inves t iga t ion  of reference 1. The equa- 
t i o n s  of motion including the moments due t o  r o l l i n g  accelerat ion and the 
resul t ing coef f ic ien ts  of the c h a r a c t e r i s t i c  s t a b i l i t y  equation a r e  given 
i n  the appendix. The s teady-state  s t a b i l i t y  der ivat ives  used f o r  these 
calculations were taken from references 7 and 8 and are l i s ted  i n  t a b l e  11. 
Representative measured values of the der ivat ives  Cz5,, and C f o r  

an amplitude of f l O o  were employed f o r  several  angles of a t t a c k  from 
a = 2 O  t o  a = 2 4 O .  The procedure followed w a s  t o  compute the reduced 
frequency k based on the periods of o s c i l l a t i o n  f o r  the airplane when 

n5 7 0  

the 1; derivat ives  were zero. Values of C and C were picked 
21;,o 5 7 m  

7 

off  the measured data curves similar t o  those of f igures  13 and 14, 
respectively,  f o r  the proper value of the reduced frequency f o r  each angle 
of a t tack.  
damping computations, a r e  l i s t e d  i n  table 11. 

These values, which were used f o r  the subsequent period and 

The r e s u l t s  of the computations ( f i g .  15) indicate  t h a t  inclusion of 
the measured C der ivat ive alone i n  the equations of motion had a 

negligible e f f e c t  on e i t h e r  the period of the  lateral  o s c i l l a t i o n  or the 
t i m e  t o  damp t o  one-half amplitude. 

derivative,  however, had a s i g n i f i c a n t  e f f e c t  on the period and damping 
i n  t h a t  the length of the period w a s  increased by roughly 10 percent and 
the  time t o  damp t o  one-half amplitude w a s  lengthened by roughly 50 percent 
over mos t  of the angle-of-attack range. The inclusion of both der ivat ives  
simultaneously gave r e s u l t s  which r e f l e c t e d  the s t rong e f f e c t  of C 

The l a t t e r  computation would ind ica te  t h a t  the  e f f e c t s  of the separate  
derivatives on the period and damping are addi t ive.  
e f f e c t  of C on the period and damping i n  cont ras t  with the small 
e f f e c t  of C i s  probably due t o  the r e l a t i v e  magnitudes of these 

derivatives.  A glance a t  table I1 w i l l  show t h a t  the complete model 
configuration gave measured values of C which w e r e  very la rge  i n  

comparison with the measured values of 

2+,w 

%,a 
Inclusion of the  measured C 

%tu* 

The r e l a t i v e l y  la rge  

n1; ,w 

Z5,O 

?,a 
czlj,,' c 

1 



CONCLUSIONS 

An airplane model with a 60° delta wing w a s  o s c i l l a t e d  i n  roll f o r  
a range of frequencies and amplitudes of o s c i l l a t i o n  t o  measure the 
e f f e c t s  of the o s c i l l a t o r y  motions on the r o l l - s t a b i l i t y  der ivat ives  of 
the model. 
can be s t a t e d  as follows: 

The conclusions drawn from the results of t h i s  invest igat ion 

1. For angles of attack lower than about 1 6 O ,  the  o s c i l l a t o r y  damping 
i n  roll w a s  generally i n  good agreement with the damping measured by means 
of steady r o l l i n g  flow t e s t s ,  and neither frequency nor amplitude of o s c i l -  
l a t i o n  had any important e f f e c t  on the magnitude of the damping. A t  the  
higher angles of a t tack ,  however, the o s c i l l a t o r y  damping departed radi- 
c a l l y  from the  steady-state damping, the l a r g e s t  departures taking place 
f o r  the lowest frequencies of osc i l la t ion .  Although the steady-state 
r e s u l t s  indicated some increase i n  damping a t  high angles of a t tack ,  the 
o s c i l l a t o r y  damping decreased and i n  some instances changed sign. 

2. The o s c i l l a t i o n  r e s u l t s  exhibited trends f o r  the yawing moment due 
t o  r o l l i n g  t h a t  were similar t o  those for the  damping i n  roll. 
high z ~ g l e r ,  of attack the osci l la tory cieriva'cive becqme more negative i n  
cont ras t  with the steady-state derivative ~ h i c k l  became more pos i t ive  with 
increasing angle of a t tack .  An increase i n  frequency reduced the d i f -  
ferences between the  o s c i l l a t o r y  and steady-state data by making the 
o s c i l l a t o r y  der ivat ive more nearly l inear  with angle of a t tack .  

A t  the  

3 .  Rolling and yawing moments i n  phase w i t h  the  r o l l i n g  accelerat ion 
were zeasured f o r  the model and w e r e  also dependent on frequency a t  high 
angles of a t tack .  ,The model w i t h  the v e r t i c a l  t a i l  i n  p a r t i c u l a r  showed 
r e l a t i v e l y  large values of the yawing moment due t o  r o l l i n g  accelerat ion.  

4. Some period and damping calculations,  which were made t o  ind ica te  
.* the  s ignif icance of the r o l l i n g  acceleration der ivat ives ,  indicated t h a t  

inclusion of the  measured der ivat ives  i n  the equations of motion lengthened 
the period of the lateral  o s c i l l a t i o n  by 10 percent f o r  a t y p i c a l  d e l t a -  
wing airplane and increased the time t o  damp t o  one-half amplitude by 
50 percent.  

Langley Aeronautical Laboratory, 
National Advisory Committee f o r  Aeronautics, 

Langley Field,  V a . ,  November 29, 1957. 
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APPENDIX 

STABILITY CALCULATIONS 

The s t a b i l i t y  roots  were calculated from the  l a t e r a l  equations of 
motion : 

Rolling moment : 

Yawing moment : 

Lateral force : 

These equations a r e  the same as those of reference 5 except f o r  the 
aMXS dMZS 

aP aP 
addition of the and - terms and a change i n  the sign of kxz. 

When reduced t o  nondimensional form, these equations become 

2p(DP + D$) = CypP + k y  2 P  2 r  + C L ~  + h y  D$ + (CL t a n  7 ) $  

From these equations, there  follows the c h a r a c t e r i s t i c  s t a b i l i t y  equation 

4 A ~ A  + B$ + clh2 + D ~ A  + E~ = o 

It can be shown t h a t  

L 
8 
2 
2 

I 

I 

.. 

l 

e 



J 

8 
2 
2 

E1 = E 

The standard coef f ic ien ts  A, B, C, D, and E of the  s t a b i l i t y  equa- 
t i o n  as defined, for example, i n  reference y a r e :  
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TABU I.- GEOMETRIC PROPERTIES OF MODEL 

L 
8 
2 
2 

Fuselage : 
Length, i n .  . . . . . . . . . . . . . . . . . . . . . . . . .  54.0 
Maximum diameter, in .  . . . . . . . . . . . . . . . . . . . .  6.0 

Body-size r a t i o ,  d/b . . . . . . . . . . . . . . . . . . . . .  0.164 
Volume, cu i n .  . . . . . . . . . . . . . . . . . . . . . . .  990 

. . . . . . . . . . . . . . . . . . . . . . . .  Fineness r a t i o  9.0 

. . . . . . . . . . . . . . . . . . . . . .  Side area, sq i n .  252 

Wing : 
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . .  2.31 
rn-,,, T.,.+;h . . . . . . . . . . . . . . . . . . . . . . . . .  0 

60 Leading-edge sweep angle, deg . . . . . . . . . . . . . . . .  
Airfo i l  section . . . . . . . . . . . . . . . . . . . .  NACA 65A003 
Area, sq in .  . . . . . . . . . . . . . . . . . . . . . . . .  576.7 
Span, in .  . . . . . . . . . . . . . . . . . . . . . . . . . .  36.5 
Mean aerodynamic chord, i n .  . . . . . . . . . . . . . . . . .  21.1 
Root chord, i n .  . . . . . . . . . . . . . . . . . . . . . . .  31.6 

l0,pc:s L0 , " I "  

Verticai t a i i :  
Aspect r a t i o  . . . . . . . . .  
Taper r a t i o  . . . . . . . . .  
Leading-edge sweep angle, deg 
Airfoi l  section . . . . . . .  
Area, sq i n .  . . . . . . . .  
Span, i n .  . . . . . . . . . .  
Root chord, in .  . . . . . . .  
Mean aerodynamic chord, in .  . 
Tail  length, in .  . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  

. . . . . . . . . . . . .  . . . . . . . . . . . . .  

. . .  2.10 . . .  0 . . .  42.5 
NACA 65-006 . . .  66.0 . . .  12.00 . . .  11.00 - 7.35 . . .  21.5 
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Figure 1.- System of s t a b i l i t y  axes .  Arrows indicate  pos i t ive  forces ,  
moments, angular displacements, and angular ve loc i t i e s .  
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Figure 6.- L i f t ,  drag, and pitching-moment curves f o r  the  model tes ted.  
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(a) Wing alone. 

Figure 7.- The e f f e c t s  of amplitude and frequency of o s c i l l a t i o n  on t h e  
damping i n  r o l l .  
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(b) Wing and fuselage. 

Figure 7.- Continued. 
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(c)  w i n g ,  fuselage, and tail .  

Figure 7.- Concluded. 
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(a) Wing alone. 

Figure 8.- The ef fec ts  of amplitude and frequency of o s c i l l a t i o n  on t h e  
yawing moment due t o  rolling veloci ty .  
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(b) W i n g  and fuselage.  

Figure 8.  - Continued. 
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(c) Wing, fuselage, and tail. 

Figure 8.- Concluded. 
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(a) Wing alone. 

Figure 9.- The e f f e c t s  of amplitude and frequency of o s c i l l a t i o n  on the  
r o l l i n g  moment due t o  ro l l i ng  accelerat ion.  
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(b) Wing and fuselage.  

Figure 9.- Continued. 
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(c )  Wing, fuselage, and tail. 

Figure 9.- Concluded. 
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(a) W i n g  alone. 

Figure 10.- The e f f ec t s  of amplitude and frequency of o sc i l l a t ion  on the  
yawing moment due t o  r o l l i n g  accelerat ion.  
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(b) Wing and fuselage. 

Figure 10. - Continued. 
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(c )  Wing, fuselage, and tail. 

Figure 10.- Concluded. L 
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(a) Wing alone. 

Figure 11.- The damping i n  r o l l  as a function of reduced frequency of 
o s c i l l a t i o n  f o r  three high angles of a t tack .  
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Figure 11.- Continued. 



39 

k 

(c) Wing, fuselage, and tail. 

Figure 11. - Concluded. 
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(a) Wing alone. 

Figure 12.- The yawing moment due t o  r o l l i n g  ve loc i ty  as a function 
reduced frequency of o s c i l l a t i o n  f o r  t h ree  high angles of a t t ack .  
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(b) W i n g  and fuselage. 

Figure 12. - Continued. 
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(c) W i n g ,  fuselage, and tail. 

Figure 12. - Concluded. 
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(a) Wing alone. 

Figure 13.- The ro l l i ng  moment due t o  rolling accelerat ion as a function 
of reduced frequency of osc i l la t ion  for  three high angles of a t tack.  
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(b) Wing and fuselage. 

Figure 13. - Continued. 
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(c) Wing, fuselage, and tail. 

Figure 13. - Concluded. 
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(a) Wing d o n e .  

Figure 14.-  The yawing moment due t o  r o l l i n g  accelerat ion as a function 
of reduced frequency of o s c i l l a t i o n  f o r  t h r e e  high angles of a t tack .  
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(b) Wing and fuselage. 

Figure 14.- Continued. 
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(c)  W i n g ,  fuselage,  and t a i l .  

Figure 14 .  - Concluded. 
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Figure 15.- Period and t i m e  t o  damp f o r  a t y p i c a l  delta-wing airplane.  
The designation "Incl" s i g n i f i e s  that t h i s  CLerivative w a s  included i n  
equations of motion f o r  the computations. 
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